C oncrete has been widely used for construction because of its superior mechanical strength, durability, and economical efficiency compared with other construction materials. However, concrete also has inherent drawbacks, such as heavy density, enlargement of self-load, low tensile strength, low ductility, and a low strength-to-weight ratio. For decades, numerous studies have been conducted to find ways to improve concrete's strength and ductility. Ultra-high-performance fiber-reinforced concrete (UHPFRC) has recently been considered one of the most promising new materials to overcome the intrinsic drawbacks of previous concretes because of its excellent strength (compressive strength > 150 MPa [22 ksi] and tensile strength > 8 MPa [1 ksi]), ductility, fatigue performance, and durability.
C oncrete has been widely used for construction because of its superior mechanical strength, durability, and economical efficiency compared with other construction materials. However, concrete also has inherent drawbacks, such as heavy density, enlargement of self-load, low tensile strength, low ductility, and a low strength-to-weight ratio. For decades, numerous studies have been conducted to find ways to improve concrete's strength and ductility. Ultra-high-performance fiber-reinforced concrete (UHPFRC) has recently been considered one of the most promising new materials to overcome the intrinsic drawbacks of previous concretes because of its excellent strength (compressive strength > 150 MPa [22 ksi] and tensile strength > 8 MPa [1 ksi]), ductility, fatigue performance, and durability. 1 These excellent properties of UHPFRC are achieved by reducing the water-to-binder ratio, by incorporating high-fineness admixtures based on the packing theory, and by including high-volume fractions of short steel fibers. In particular, UHPFRC has been attractive for precast concrete thin-plate structures, such as slabs, thin walls, roofs, architectural panels, and bridgedeck joints, due to its unique strain-hardening response with multiple small cracks and superb bond strength. [2] [3] [4] [5] Because of its low water-to-binder ratio and use of highfineness admixtures, UHPFRC exhibits extremely high autogenous shrinkage. 6 Furthermore, because thin-plate ■ This study investigates the effects of different shrinkagereducing admixture amounts and cover depths on the shrinkage and surface-cracking behavior of ultra-high-performance fiber-reinforced concrete (UHPFRC) slabs.
■ Slabs with shrinkage-reducing admixture exhibited better behavior with regard to the decrease of shrinkage, maximum evaporation rate, and maximum surface-crack width. A larger cover depth was favorable because it caused a lower degree of restraint, leading to a lower cracking potential and a higher surface-cracking resistance.
■ The minimum required cover depth of the UHPFRC slab is suggested to be 1.3 times larger than the diameter of the upper steel reinforcing bar in order to prevent surface cracking.
Mitigating early-age cracking in thin UHPFRC precast concrete products using
shrinkage-reducing admixtures
Doo-Yeol Yoo, Nemkumar Banthia, and Young-Soo Yoon to precast concrete thin-plate structures in order to prevent surface cracking. However, no published studies exist on the surface-cracking behavior of UHPFRC slabs related to cover depth.
Accordingly, in this study, a series of surface-cracking tests for UHPFRC slabs with steel reinforcement were conducted in order to suggest a minimum cover depth to prevent surface cracking for three different SRA dosages (0%, 1%, and 2%) and cover depths (5, 10, and 20 mm [0.2, 0.4, and 0.8 in.]). The effect of the SRA dosage on the properties of fresh concrete, such as setting and water evaporation rate, were analyzed. The restrained shrinkage performance of UHPFRC slabs by internal steel reinforcement was also investigated for three different SRA dosages and cover depths.
Test program
Materials and specimen preparation Table 1 gives the mixture proportions used in this study. ASTM Type I portland cement and silica fume were used as cementitious materials, and Table 2 summarizes their chemical compositions and physical properties. The waterto-binder ratio used was 0.2. Silica sand with a grain size below 0.5 mm (0.02 in.) was used as the fine aggregate, structures and bridge-deck joints made of UHPFRC have small cross-sectional areas with internal steel reinforcement, they are weak and result in cracking due to the restraint of shrinkage and settlement. The Japan Society of Civil Engineers 7 recommended that deformed steel reinforcement be used carefully in structures made of UH-PFRC because of the high possibility of shrinkage cracking. Many researchers have also performed restrainedshrinkage tests for UHPFRC elements. 6, [8] [9] [10] [11] Yoo et al. 10 used a modified ring test to evaluate various parameters of the restrained shrinkage behavior of UHPFRC, such as residual stress, degree of restraint, and cracking potential. In their results, approximately 39% to 65% of elastic stresses were relaxed by the sustained restraint load. Thus, stress relaxation (or creep) must be considered for evaluating restrained shrinkage behaviors.
Park et al. 9 and Yoo et al. 11 verified the effectiveness of the combined use of 1% shrinkage-reducing admixture (SRA) and 7.5% expansive admixture on the improvement of restrained shrinkage cracking resistance of UHPFRC using the drying shrinkage-crack test in accordance with KS F 2595 12 and the full-scale restrained slab test. Habel et al. 8 experimentally verified that early-age creep deformation of UHPFRC represents 65% of autogenous shrinkage in restrained conditions. Likewise, most of the previous studies have focused on estimating the shrinkage and cracking behaviors of UHPFRC restrained by external forms, whereas only a limited number of studies 6 are available on the restrained shrinkage behavior of UHPFRC elicited by internal reinforcement.
Surface cracking, which typically occurs parallel to the longitudinal direction of the upper reinforcement, is mainly influenced by settling and plastic shrinkage and leads to the decrease of durability in concrete structures. Thus, to prevent surface cracking, sufficient cover depth is required. Alternatively, an SRA can be added because it reduces the drying and plastic shrinkage at an early age (and permeation of hazardous materials) by increasing the pore solution's viscosity. It also reduces autogenous shrinkage by diminishing the surface tension of the pore solution by approximately 50% or more in hydrated cement paste. 13 Specifically, the determination of minimum cover depth is important for the application of UHPFRC Note: SP = superplasticizer; SRA = shrinkage-reducing admixture; UH = ultra-high-performance fiber-reinforced concrete; V f = volume fraction of fiber. 1 mm = 0.0394 in. in.) was obtained for UH-S0, and fluidity slightly increased with the addition of the SRA. 15, 16 The setting properties of UHPFRC without fibers were investigated by the penetration-resistance test according to ASTM C403. 17 Because UHPFRC has a low water-tobinder ratio, the rate of water evaporation on the surface is larger than the rate of bleeding. Thus, the surface dries rapidly even when it is only briefly exposed to the atmosphere. This causes overestimation of the penetration resistance. For this reason, Yoo et al. 18 suggested a method to prevent water evaporation during the penetrationresistance test by using liquid paraffin oil on the surface of the mortar. Therefore, in this study, cylindrical plastic molds were used with dimensions of 150 × 160 mm (5.9 × 6.3 in.), and the mortar was filled until the surface was 10 mm (0.4 in.) below the top edge of the mold. Thereafter, liquid paraffin oil was poured onto the surface of the mortar to prevent surface drying. The needle penetrated the mortar at a depth of 25 ± 2 mm (0.98 ± 0.08 in.) in 10 seconds, and the clear-distance rule for needle impressions was followed.
To investigate the effect of the SRA dosage on the evaporation rate of water, mass loss was measured. To achieve this, two containers with an exposed-surface dimension of 200 × 145 mm (7.8 × 5.7 in.) were used for each variable, similar to the tests by Pelisser et al. 19 The mass loss of the specimens was immediately measured from concrete casting using an electronic scale with a minimum scale of 0.01 g (0.035 oz) until a convergence value was reached.
Surface-cracking behavior of UHPFRC slabs To investigate the effects of SRA dosage and cover depth on the surface-cracking resistance of UHPFRC slabs, three different SRA dosage rates (0%, 1%, and 2%) and three different cover depths (5, 10, and 20 mm [0.2, 0.4, and 0.8 in.]) were considered. Figure 1 shows the test setup. Prismatic specimens were used with dimensions of 600 × 600 mm (24 × 24 in.) and a height of 100 mm (4 in.). Because of the uncertainty in material performance (that is, the tensile performance of UHPFRC is strongly influenced by the fiber orientation), steel reinforcing bars have been included in thin UHPFRC slabs in Korea. Therefore, to account for uncertain tensile performance and to provide and silica flour with a 2 μm (0.00008 in.) diameter and composition of 98% SiO 2 was used as the filling powder. Coarse aggregate was excluded from the mixture to improve its homogeneity. To provide suitable workability, a high-range water-reducing admixture (HRWRA), polycarboxylate superplasticizer, was added. Two percent (by volume of the total mixture) of smooth steel fibers with a length of 13 mm (0.51 in.) and a diameter of 0.2 mm (0.008 in.) were incorporated to improve tensile strength and ductility. Table 3 lists the properties of the steel fibers. To evaluate the effect of SRA on the properties of fresh concrete and on shrinkage, a glycol-based powder-type SRA was added at three different dosage rates (0%, 1%, and 2% by weight), leading to three series of test specimens. The letters UH and S indicate the UHPFRC and the SRA, while the numeral indicates the dosage of SRA. For instance, specimen UH-S1 refers to the UHPFRC that includes 1% of SRA (by weight).
Because UHPFRC has a low water-to-binder ratio of 0.2 and high-fineness aggregates without coarse aggregate, the mixing sequence is different from that used for ordinary concrete as follows:
1. Cement, silica fume, silica sand, silica flour, and SRA were mixed for 10 minutes.
2. Water mixed with 1.8% HRWRA was poured into the dry materials and mixed for another 10 minutes.
3. Once the mixture showed adequate fluidity and viscosity, 2% (by volume) of steel fibers were dispersed and mixed for another 5 minutes.
All specimens were cured at a temperature of 23°C (73.4°F) and a humidity of 60% ±5% during testing.
Test setup and procedure
Properties of fresh concrete (fluidity, setting, and evaporation rate) A flow-table test was performed as per ASTM C1437 14 to estimate fluidity. The average flows were calculated by averaging the maximum flow diameter and the perpendicular diameter to the maximum flow diameter (Table 1 ). The lowest flow of 235 mm (9.25 Table 3 . Properties of steel fibers To better represent in-place conditions, the side surfaces of the slabs were restrained by steel studs to account for the restraining effect of the surrounding contiguous element. In addition, wood was used as an external form to prevent thermal deformation. Two strain gauges were attached to the center of the upper steel reinforcing bars to measure strain. Furthermore, it was assumed that the bond slip between reinforcement and concrete by shrinkage would be negligible, based on a previous study.
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To quantitatively estimate the restraining effect of steel reinforcement on shrinkage, prismatic specimens identical in size to the surface-cracking-test specimens were fabricated without reinforcement. Studs were also used at the external frame to mimic the restraining effect of the surrounding contiguous element. To measure the strain and temperature at each location of the steel reinforcing bars, four dumbbell-shaped strain gauges with nearly zero stiffness and a coefficient of thermal expansion of 11 με/°C (6 με/°F) and four thermocouples were embedded (Fig. 1) . The strains and temperatures were immediately measured during the concrete casting.
Test results and discussion
Properties of fresh concrete Figure 2 shows the development of penetration resistance for UHPFRC mortar related to SRA dosage. The increase of penetration resistance was delayed as a function of the increase of SRA dosage. Thus, the times for the initial and final sets were delayed with increasing SRA dosage ( Table  4) . This is because the reduction of water surface tension by the addition of SRA decreases the interparticle force, thereby attracting the flocculated binder phase and thus retarding setting times. This is consistent with the findings of Brooks et al.
21 Figure 3 shows the average values of mass loss and evaporation rate. Regardless of the SRA dosage, mass loss from water evaporation steadily increased with age, yet the increase rate of mass loss reduced with age. The maximum mass loss and evaporation rate decreased with the increase in SRA dosage. This is in accordance with the findings of Mora-Ruacho et al. 22 and attributed to the increase of the pore solution's viscosity. 13 Bentz 23 reported that the viscosity of a 10% SRA solution in distilled water is approximately 50% greater than that of pure distilled water, which causes a slower internal flow rate. The maximum rate of evaporation for specimen UH-S0 was found to be 0.20 kg/m 2 /hr (0.04 lb/ft 2 /hr), approximately 10% and 30% greater than that of specimens UH-S1 and UH-S2, respectively. This value is also much less than those of conventional normal-and high-strength concretes 22 owing to the extremely densified microstructure of UHPFRC. The evaporation rate reduced with age and converged to a stable value after reaching the peak value.
Mass loss Rate of evaporation

Restrained shrinkage behavior of UHPFRC slabs by internal steel reinforcement
No shrinkage stress occurs in fresh concrete because of its nearly zero stiffness. Thus, to estimate the net shrinkage that causes cracking in concrete, the strains generated within the period during which concrete was fresh were excluded. Yoo et al. 6 reported that shrinkage stress in concrete first develops when the internal steel reinforcement starts to deform by shrinkage, and this point is close to the deviation point between the strain and the internal temperature. In this study, therefore, the zero point of shrinkage measurement, which is called time-zero, is defined by the deviation point of strain and temperature for analyzing restrained shrinkage behavior by internal steel reinforcement. Figure 4 shows the shrinkage behavior of the UHPFRC slabs without steel reinforcement by SRA dosage and cover depth. At the beginning (before time-zero), the measured strains slightly increased due to the decrease in the temperature of the concrete. After time-zero, the strains measured by the embedded strain gauge rapidly increased because both the shrinkage and elastic modulus of UHPFRC started to increase. As the depth from the exposed surface decreased, the strains increased due to the increase in water evaporation. Approximately one day after the casting of the concrete, the increased rate of shrinkage strain suddenly decreased. This is because the chemical shrinkage and volume contraction from the negative pressure in the internal voids were self-restrained by the hardening of the concrete. 9 The shrinkage strain of UHPFRC after 30 days was reduced by adding the SRA, and the amount of decrease in shrinkage increased with the increase of SRA dosage (Fig. 5) . For instance, the 30-day shrinkage strain of specimen UH-S0 at a depth of 13 mm (0.51 in.) was found to be −862 με, approximately 5% and 12% higher than those of specimens UH-S1 and UH-S2, respectively. In addition, the shrinkage strain significantly decreased with an increase in the depth from the exposed surface up to 18 mm (0.71 in.), and a more gradual shrinkage-strain decrease was observed at greater depths. 
Specimen UH-S0
Specimen UH-S1
Specimen UH-S2 ment gradually increased and thus the shrinkage strain in the slabs with steel reinforcement behaved similarlyto the shrinkage strain of slabs without steel reinforcement. Figure 9 shows the 30-day residual strains and stresses measured in the steel reinforcement. Both the residual strain and stress increased with the cover depth from the top surface. This is mainly caused by the fact that, although the shrinkage strain decreased with depth, more approximately 5% higher than those of specimens UH-S1 and UH-S2. However, because the difference in temperature behavior according to SRA dosage was small, it can be concluded that the effect of SRA on the internal temperature behavior of UHPFRC is insignificant, consistent with the findings of Saliba et al.
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Figure 7 exhibits actual residual strains in steel reinforcement according to cover depth and SRA dosage. Actual residual strain indicates the strain measured in the steel reinforcement with consideration of creep. The shape of strain development in the steel reinforcement was similar to that in the UHPFRC slab without steel reinforcement in Fig. 4 ; however, much smaller values were obtained (Fig. 8) . In particular, early-age strains in the steel reinforcement (at nearly one day) were almost three times smaller than the strains in slabs without steel reinforcement. This is because of the low elastic modulus of concrete at early age. Residual strain is influenced by both the shrinkage and elastic modulus of concrete. Therefore, although the shrinkage strains in slabs without steel reinforcement steeply increased from time-zero, small residual strains in steel reinforcement were obtained at early age. After nearly one day, strains in the steel reinforce- Figure 5 . Effects of shrinkage-reducing admixture dosage and cover depth on 30-day shrinkage strains of ultra-high-performance fiber-reinforced concrete slabs without steel reinforcement. Note: 1 mm = 0.0394 in. Specimen UH-S0 Specimen UH-S1
Specimen UH-S2 the areas of the concrete and the steel reinforcement was reported in a previous study. 24 Smaller residual stresses were obtained at greater SRA dosage rates and at lesser cover depths. Specimen UH-S0 exhibited the largest compressive stresses, ranging from 66.5 to 92.5 MPa (9.64 to 13.4 ksi), approximately 11% to 17% and 22% to 37% larger than those of specimens UH-S1 and UH-S2, respectively.
To quantitatively investigate the degree of restraint according to cover depth, Eq. (1) is used for the ratio between the residual strain and the shrinkage of concrete without reinforcement:
where ψ = degree of restraint ε s = strain in steel reinforcement ε sh = shrinkage strain of concrete without reinforcement
Because the degree of restraint is insignificantly affected by SRA dosage, 25 only the effect of the cover depth on the average degree of restraint for all test specimens at 30 days was investigated (Fig. 10) . The degree of restraint decreased as cover depth increased for all test specimens. In general, a higher degree of restraint results in a greater cracking potential in concrete. 26 Therefore, it is noted that a shallow cover depth is unfavorable because it increases the cracking potential of UHPFRC slabs by the restraint of shrinkage.
Surface-cracking behavior of UHPFRC slabs Figure 11 shows the surface-cracking behaviors of force from the restraint of the shrinkage was transferred from the concrete to the steel reinforcement with the increase of cover depth by equilibrium, which leads to an increased area of the surrounding concrete. The increase of the residual strain with the increase in the ratio between 
Residual strain
Residual stress early age. 27 However, the specimens with a cover depth of 20 mm (0.79 in.) (approximately 1.3 times larger than the bar diameter) showed no surface cracking during testing regardless of SRA dosage. Therefore, the minimum cover UHPFRC slabs according to SRA dosage rate and cover depth. Surface cracking occurred mostly in a direction parallel to the longitudinal direction of the upper steel reinforcement due to the settling of the UHPFRC at an the low elastic modulus of UHPFRC at early age. For this reason, the 30-day residual strains significantly decreased compared with the shrinkage strains without reinforcement. In addition, the degree of restraint decreased as cover depth increased for all test series. Thus, a greater cover depth was favorable because it caused a lower degree of restraint and cracking potential in UHPFRC slabs by the restraint of shrinkage.
• The slabs with cover depths less than 20 mm (0.79 in.) (1.3 times the reinforcing-bar diameter) yielded surface cracking parallel to the longitudinal direction of the upper steel reinforcing bars from the settlement of UHPFRC. Therefore, the minimum cover depth for the UHPFRC slabs is conservatively suggested as 1.3 times the reinforcing-bar diameter in order to prevent surface cracking. In addition, the maximum surfacecrack width decreased as SRA dosage and cover depth increased. Accordingly, a SRA and greater cover depth were useful for improving the surface-cracking resistance of UHPFRC slabs.
depth for UHPFRC slabs to prevent surface cracking by settling is conservatively suggested to be 1.3 times the diameter of the upper reinforcing bars for applications that include a wide range of steel reinforcing-bar diameters. Figure 12 exhibits the maximum crack widths of the slabs after 30 days. The maximum crack widths decreased as SRA dosage and cover depth increased. For example, the maximum crack width of UH-S2, with a cover depth of 5 mm (0.2 in.), was found to be 0.30 mm (0.012 in.), approximately 60% and 67% less than those of UH-S1 and UH-S0, respectively. Therefore, it was concluded that the use of a SRA and the increase of cover depth are effective in improving the surface-cracking resistance of UHPFRC slabs.
Conclusion
In this study, the effects of SRA dosage and cover depth on the shrinkage and surface-cracking behaviors of UHPFRC slabs were investigated. From the previous discussions, the following conclusions are drawn:
• Initial and final setting times were delayed as a function of SRA dosage. In addition, mass loss and maximum rate of evaporation decreased as SRA dosage increased up to 2% because of the increase of the pore solution's viscosity.
• The shrinkage strain of UHPFRC slabs without steel reinforcement decreased by adding SRA, and the reduction in shrinkage strain increased with SRA dosage. Shrinkage strain significantly decreased as depth increased from the top surface to a depth of 18 mm (0.71 in.). For lower depths, shrinkage strain gradually decreased with depth due to the extremely densified microstructure of UHPFRC.
• Early-age residual strains in steel reinforcement (at one day) were almost three times less than early-age shrinkage strains without reinforcement, owing to 
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This study investigates the effects of shrinkage-reducing admixture (SRA) and cover depth on the shrinkage and surface-cracking behaviors of ultra-high-performance fiber-reinforced concrete (UHPFRC) slabs. Three different SRA-to-cement weight ratios of 0%, 1%, and 2%, and three different cover depths, 5, 10, and 20 mm (0.2, 0.4, and 0.8 in.), were considered using nine UHPFRC slabs with steel reinforcing bars. Three more unreinforced UHPFRC slabs with three different SRA ratios and four different depths were also fabricated for the comparisons. The use of SRA exhibited better behavior with regard to the decrease of shrinkage, maximum evaporation rate, and maximum surface-crack width. In addition, the application of a larger cover depth was favorable because it caused a lower degree of restraint, leading to a lower cracking potential and a higher surface-cracking resistance. Finally, the minimum required cover depth of the UHPFRC slab is suggested to be 1.3 times larger than the diameter of the upper steel reinforcing bar in order to prevent surface cracking.
